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Identification of Ectodysplasin Target Genes Reveals
the Involvement of Chemokines in Hair Development
Sylvie Lefebvre1, Ingrid Fliniaux1,3, Pascal Schneider2 and Marja L. Mikkola1
Ectodysplasin (Eda), a member of the tumor necrosis factor (Tnf) family, regulates skin appendage mor-
phogenesis via its receptor Edar and transcription factor NF-kB. In humans, inactivating mutations in the Eda
pathway components lead to hypohidrotic ectodermal dysplasia (HED), a syndrome characterized by sparse
hair, tooth abnormalities, and defects in several cutaneous glands. A corresponding phenotype is observed in
Eda-null mice, where failure in the initiation of the first wave of hair follicle development is a hallmark of HED
pathogenesis. In an attempt to discover immediate target genes of the Eda/NF-kB pathway, we performed
microarray profiling of genes differentially expressed in embryonic skin explants after a short exposure to
recombinant Fc-Eda protein. Upregulated genes included components of the Wnt, fibroblast growth factor,
transforming growth factor-b, Tnf, and epidermal growth factor families, indicating that Eda modulates multiple
signaling pathways implicated in skin appendage development. Surprisingly, we identified two ligands of the
chemokine receptor cxcR3, cxcl10 and cxcl11, as new hair-specific transcriptional targets of Eda. Deficiency in
cxcR3 resulted in decreased primary hair follicle density but otherwise normal hair development, indicating that
chemokine signaling influences the patterning of primary hair placodes only.
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INTRODUCTION
Over the past decade, the ectodysplasin (Eda) signaling cas-
cade has emerged as one of the most important evolutionarily
conserved pathways regulating patterning and morphogen-
esis of vertebrate skin appendages, including hair follicles,
feathers, scales, teeth, and a number of exocrine glands. The
core of the Eda pathway consists of three proteins: the tumor
necrosis factor (Tnf)-like ligand Eda-A1 (hereafter Eda), the
Eda-A1 receptor Edar, and the cytoplasmic adaptor molecule
Edaradd (Mikkola, 2008). Mutations in any of these three
genes lead to a condition known as hypohidrotic (or anhidrotic)
ectodermal dysplasia (HED; Kere et al., 1996; Monreal et al.,
1999; Headon et al., 2001). Human HED is characterized by
conical and missing teeth, lack of or malfunctioning sweat
glands, and sparse hair, which is often lost with age. The most
common form of HED is X-linked and is due to inactivating
mutations in the EDA gene. The natural Eda-null mouse mutant
tabby shows defects that mirror human HED (Mikkola, 2008).
Hair follicle is a widely used model to study ectodermal
organ development and regeneration. Initiation of hair follicle
development is marked by a thickening of the epithelium,
accompanied by condensation of the underlying mesenchy-
mal cells. The placodal cells subsequently invaginate into the
dermis, and the follicle proceeds through hair germ (bud),
peg, and bulbous peg stages, eventually giving rise to the
mature hair follicle consisting of root sheaths and the shaft
(Fuchs, 2007; Schneider et al., 2009). Mouse hair follicle
induction occurs in three distinct waves, which are thought to
give rise to different hair shafts, each with a characteristic
length, shape, and medullary composition (Schlake, 2007;
Duverger and Morasso, 2009). The primary hair placodes
appearing at embryonic day 14 (E14) produce follicles that
generate the long and straight guard hairs protruding above
the mouse coat. The second wave is initiated at E16 and will
give rise to relatively short awl and auchene hairs. The fourth
hair type, known as the zigzag hair with multiple bends,
arises from the third wave of hair follicle formation taking
place around birth.
The role of the Eda pathway in hair follicle biology has
been studied extensively using loss- and gain-of-function
mouse models (Mikkola, 2008, 2009). These studies have
revealed the importance of Eda in initiation of hair mor-
phogenesis, in hair shaft formation, and in hair follicle cycling.
In the absence of Eda signaling, hair placodes of the first wave
are induced but not maintained, leading to the absence of guard
hairs (Schmidt-Ullrich et al., 2006; Fliniaux et al., 2008).
Consequently, only structures called pre-placodes form, and
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most placode markers are not focally expressed at E14
(Laurikkala et al., 2002). However, the other follicle types are
induced normally, although they all produce abnormal awl-
like hair shafts (Laurikkala et al., 2002; Cui et al., 2003;
Hammerschmidt and Schlake, 2007). Eda regulates the
initiation of the second wave of hair follicles as well, but its
loss is compensated by Troy (Tnfrsf19), a Tnf receptor related
to Edar (Pispa et al., 2008). On the other hand, overexpres-
sion of Eda in keratinocytes using the K14 promoter leads to
enlarged and irregularly shaped primary hair placodes, and
the formation of long and straight hair fibers (Mustonen et al.,
2003, 2004).
Although the importance of the Eda pathway in hair
development was recognized already long ago, the down-
stream target genes are still largely unknown. Here we report
a large-scale screen aiming at the identification of immediate
target genes of Eda. E14 Eda-null skin explants were briefly
exposed to recombinant Fc-EdaA1 protein or control medium,
followed by analysis of differentially expressed genes by
microarray (Fliniaux et al., 2008). These data indicate that
Eda modulates several important signaling pathways in the
developing skin appendages. Perhaps, the most surprising
finding was the strong upregulation of several chemokines.
We provide evidence that two of them, cxcl10 and cxcl11,
are functionally important transcriptional target genes of Eda
involved in hair follicle spacing.
RESULTS
Search for new Eda target genes
To identify the immediate downstream targets of Eda, we
analyzed the genes differentially expressed between one half
of E14.5 Eda-null back skin treated with Fc-EdaA1 protein for
90minutes or 4 hours and its control counterpart by using
Affymetrix microarray chips containing B14,000 mouse
probes (Fliniaux et al., 2008). Only probes showing 41.5-fold
difference and P-value o0.05 were considered as putative
transcriptional target genes. An upregulation in 23 probes
representing 22 genes was observed after 90minutes and in
168 probes representing 126 known genes after 4 hours,
whereas about 50 genes were downregulated after 4 hours
(Supplementary Table S1 online). Of the 22 genes, 16 were
upregulated after 4 hours of Fc-EdaA1 treatment. Interest-
ingly, differentially expressed probes represented genes in
many signaling pathways: Wnt, fibroblast growth factor (Fgf),
transforming growth factor-b (Tgfb), epidermal growth factor
(Egf), and Tnf (Table 1). The roles of Tgfb and Wnt pathway
genes downstream of Eda have been discussed previously by
us and others (Cui et al., 2006; Mou et al., 2006; Pummila
et al., 2007; Fliniaux et al., 2008; Zhang et al., 2009), and the
Fgf and Egf pathway genes will be reported in more detail
elsewhere. Intriguingly, Gjb2 and Gjb6, two genes encoding
gap junction proteins and mutated in certain types of ED
(Scott et al., 2011), were downregulated (Supplementary
Table S1 online).
To validate the microarray results, we performed two
independent analyses on selected genes: quantitative real-
time reverse-transcriptase–PCR (qRT–PCR) and in situ hybri-
dization (ISH). For qRT–PCR analysis, we used the same setup
as in the microarray. Three of the four Sox family genes
highlighted by the microarray (Table 1) were also moderately
upregulated by Fc-EdaA1 by 4 hours (Figure 1a). Edar is
focally expressed in hair placodes (Headon and Overbeek,
1999), and therefore an Eda target gene is expected to show a
similar expression pattern. Expression of Sox9 had already
Table 1. List of selected genes differentially expressed
in the microarray
Gene
Fold induction
90min
Fold induction
4 h
TNF/NF-kB
pathway
Ltb 3.35 6.11
Tnfa — 2.11
Edar — 3.38
Fas — 1.99
Fn14 — 1.65
Gitr — 2.92
NF-kB1;
p105
— 1.50
NF-kB2; p52 — 1.58
A20 — 1.74
IkBa — 1.52
IkBz — 1.54
Wnt pathway Dkk4 — 30.41
Lrp4 — 1.87
TGFb pathway CTGF; Ccn2 1.53 9.66
CyR61 — 1.57
Fst — 1.91
FGF pathway Dusp6 — 4.87
Fgf20 1.60 3.03
Chemokine
pathway
Ccl20 3.02 8.92
Cxcl1 1.70 6.55
Cxcl2 1.72 4.33
Cxcl9 — 6.26
Cxcl10 4.85 2.27
Cxcl11 6.90 5.92
Other genes Icam1 1.61 2.31
MadCAM1 — 2.17
Mmp9 — 4.70
PthrP — 7.45
Sox4 — 1.54
Sox9 — 2.03
Sox10 — 1.78
Sox21 — 4.59
Abbreviations: Fc-EdaA1, Fc-ectodysplasinA1; FGF, fibroblast growth
factor; TNF, tumor necrosis factor.
Fold induction corresponds to the ratio of Fc-EdaA1-treated samples to
control samples.
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been reported in the primary hair placodes (Vidal et al.,
2005), and Sox21 in the adult hair follicle (Kiso et al., 2009).
Sox4 and Sox9 were expressed in the epithelium of hair
placodes at E14, but their localized expression was lost in
Eda-null embryos (Figure 1b).
Two genes belonging to the cell adhesion molecule (CAM)
family were also differentially expressed: MadCAM1 and
Icam1 (Table 1), and qRT–PCR revealed a 2- and 5-fold
induction, respectively (Figure 1a). These two genes were
earlier shown to be expressed in the placodal epithelium
(Nishioka et al., 2002). We also confirmed the previous
suggestion (Cui et al., 2006) that the Tnf family ligand
lymphotoxin-b, known to be involved in hair fiber
generation, is a likely direct transcriptional target of Eda
(Figure 1a).
Cxcl10 and cxcl11 are novel hair-specific target genes of Eda
The most striking result of the microarray was the rapid and
robust upregulation of several chemokines. These included,
in particular, chemokines of the cxc family: cxcl1, cxcl2,
cxcl9, cxcl10, and cxcl11, as well as ccl20 (Table 1).
qRT–PCR analysis confirmed the microarray data, and the
induction of these chemokines by Eda varied from 3-fold
(cxcl9) to 46-fold (cxcl10) after 2 hours, and from 4-fold
(cxcl9) to 124-fold (ccl20) after 4hours of induction (Figure 2a).
To assess whether any of these chemokines could be phy-
siologically relevant target genes of Eda, we analyzed their
expression pattern in developing skin at E14. Out of the six
chemokines, only cxcl10 and cxcl11 showed a patterned
epithelial expression (Figure 2b), although we did not reliably
detect expression of the other cxcl genes at E14 (data not
shown). Expression of cxcl10 and cxcl11 was lost in Eda-null
embryos, whereas it was increased in K14-Eda hair placodes
at E14 (Figure 2b), supporting the idea that they are down-
stream of Eda. No signal was observed with the sense probes
(Figure 2c).
Given that Edar regulates placode formation also in other
skin appendages (Mikkola, 2009), we analyzed the expres-
sion of cxcl10 and cxcl11 in mammary and dental placodes,
but did not observe any patterned expression (data not shown).
The number of cxcl10 and cxcl11 transcripts decreased during
subsequent waves of hair follicle induction (Supplementary
Figure S1 online), suggesting that these two chemokines are
involved in primary hair follicle development only. In line
with this, we did not detect any placodal expression at E18
and in newborn skin using ISH (Supplementary Figure S2 online).
A plethora of in vitro and in vivo studies have pinpointed
transcription factor NF-kB as an essential mediator of Edar
signal transduction, and therefore many of the Eda-induced
genes are thought to be transcriptional targets of NF-kB
(Mikkola, 2009). In silico analysis identified a number of con-
served putative Rel/NF-kB responsive elements in the promoter
regions of cxcl10 and cxcl11 (Figure 2d; Supplementary
Figure S3 online), suggesting the involvement of NF-kB in the
transcriptional regulation of cxcl10 and cxcl11. To test
whether the proximal promoter sequences of mouse cxcl10
and cxcl11 are responsive to Edar, we cloned a 0.6-kb
fragment of cxcl10 and a 0.7-kb fragment of cxcl11 promoter
into a luciferase reporter vector. Co-transfection of either
construct by introducing an Edar expression vector into HEK293T
cells resulted in a 16- and 21-fold induction of cxcl10 and
cxcl11 reporters, respectively (Figure 2e and f). Co-transfec-
tion with a truncated form of Edar (Edarslk), associated with
compromised but not completely abolished NF-kB response
(Koppinen et al., 2001), led only to a minimal induction
(Figure 2e and f).
Cxcl10 and cxcl11 did not rescue hair placode formation in
Eda-null skin in vitro
Cxcl9, cxcl10, and cxcl11 all utilize the same receptor,
cxcR3, for signal transduction (Zlotnik and Yoshie, 2000).
Whole-mount ISH of E14 wild-type skin showed that, similar
to cxcl10 and cxcl11, cxcR3 was focally expressed in the
epithelium of primary hair follicles (Figure 3a).
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Figure 1. Quantitative real-time reverse-transcriptase–PCR (qRT–PCR) and
in situ hybridization of selected genes highlighted in the microarray.
(a) Individual E14.5 Eda-null skin explants were cut into two halves along the
midline and cultured in the absence or presence of recombinant Fc-EdaA1
(ectodysplasin) for 2 or 4 hours, followed by quantitative RT–PCR analysis.
Data shown are mean±SD (n¼ 9). *Po0.05; NS (nonsignificant) P40.05.
(b) Whole-mount in situ hybridization with probes specific to Sox4 and Sox9
in E14.5 wild-type (WT) and Eda-null embryos (bar¼ 500mm). Insets show
sagittal sections of whole-mount stained specimen (bar¼ 50mm).
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Primary hair placode formation can be rescued in Eda-null
skin in vitro by culturing E13 skin for 24 hours in the presence
of exogenous Eda protein (Mustonen et al., 2004). However,
neither cxcl10 nor cxcl11 (tested at concentrations ranging
from 1 to 1,000 ngml1) rescued placode formation (Figure
3b; data not shown), and we did not detect any apparent
effect on placodes in wild-type skin either (Figure 3b). It is
noteworthy that we did not detect focal CxcR3 expression in
Eda-null skin (Figure 3a), which may have compromised the
ability of cxc ligands to rescue the phenotype.
The number of primary hair follicles was reduced in mice
deficient in cxcR3, the receptor for cxcl10 and cxcl11
To study the function of cxcl10 and cxcl11 in hair
development in vivo, we took advantage of the cxcR3-null
mouse, as signaling by both cxcl10 and cxcl11 is abolished in
these mice. Because cxcl10 and cxcl11 seemed to be involved
in primary hair follicle development only, we focused our
analysis on these follicles. Whole-mount ISH with a Wnt10b
and Shh probe did not reveal any gross abnormality in hair
placode induction or size. However, the distance between
placodes was increased (Figure 4a and b). Quantification
confirmed that the number of primary hair placodes was
decreased by B20% in cxcR3-null embryos compared with
control littermates (Figure 4c). No abnormalities were observed
in vibrissae, mammary glands, or teeth (data not shown).
Next, we compared the composition of the coat of adult
cxcR3-null mice with that of their control littermates. There
was no significant difference in the proportion or structure of
awl, auchene, or zigzag hairs (Figure 4d–f). Importantly, and
in line with the embryonic analysis, there was a significant
change in the percentage of guard hairs, which had dropped
from 3.8% in littermate controls to 2.2% in cxcR3-null mice
(Figure 4d).
To test the effect of cxcR3 deficiency on the Eda-induced
increase in hair placode size, we crossed cxcR3-null mice
with K14-Eda mice. As in the parental FVB strain (Mustonen
et al., 2004), enlarged size of hair placodes was evident in
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Figure 2. Validation of cxcl10 and cxcl11 as Eda (ectodysplasin) target genes. (a) Quantitative real-time reverse-transcriptase–PCR (qRT–PCR) of indicated
genes was performed as shown in Figure 1a. Data shown are mean±SD (n¼ 6). Whole-mount in situ hybridization with (b) antisense or (c) sense probes specific
to cxcl10 and cxcl11 in E14.5 wild-type (WT), K14-Eda, and Eda-null embryos (bar¼ 500mm). Insets show sagittal sections of whole-mount stained specimen
(bar¼ 50 mm). (d) Computational analysis of the promoter region of murine cxcl10 and cxcl11 genes for putative Rel/NF-kB responsive elements. The gray bars
indicate the promoter region cloned into the firefly luciferase reporter construct. (e) A 0.6-kb promoter fragment of cxcl10 and (f) a 0.7-kb fragment of cxcl11
indicated in d were cloned into a promoterless pGL3 luciferase reporter vector and transfected together with wild-type or mutant Edar (EdarSlk) or an empty
vector into HEK293T cells. Luciferase activity was measured 24 hours after transfection. Data shown are mean±SD of two separate experiments conducted in
triplicate. ***Po0.001.
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K14-Eda embryos in FVB and C57Bl/6 mixed background
(Supplementary Figure S4a and b online). However, loss of
cxcR3 had no obvious effect on the primary hair placode size
of K14-Eda embryos (Supplementary Figure S4b–d online).
Other cxc receptors were not detected in primary hair placodes
Loss of cxcl10 and cxcl11 signaling had a mild but consistent
effect on primary hair follicles (Figure 4). We hypothesized
that the modest effect could be due to redundancy with other
chemokine pathways. Limited information is available on the
embryonic expression pattern of cxc ligands and receptors,
with the exception of cxcl12/SDF-1 and its high-affinity
receptor cxcR4 (Miller et al., 2008). The cxc chemokine
family consists of 16 members, but only 7 cxc receptors
(cxcR1–7) are known in mouse (Zlotnik and Yoshie, 2000).
Transcripts of all cxc receptors could be amplified from E14
skin samples by RT-PCR (data not shown). However, only
cxcR4 could be readily detected by radioactive ISH at E14
with a strong signal in the mesenchymal condensate (Figure
5a–f), and in the dermal papilla of developing vibrissae
(Figure 5g; Belmadani et al., 2009).
DISCUSSION
In this study, we searched for direct target genes of the Eda
pathway using profiling of genes differentially expressed in
Eda-null skin after a short exposure to recombinant Fc-Eda
protein. Eda-induced genes included components of all major
growth factor families, such as Wnt, Fgf, Tgfb, Tnf, and Egf
families, thus implying that Eda modulates and integrates
multiple pathways essential for ectodermal organ develop-
ment. Our validation approach suggests that many of the
candidate genes are likely to be transcriptional targets of Eda,
but further analysis by ChIP-on-chip or ChIP-seq will be
useful to discriminate direct targets from the indirect ones.
Several genes in the Tnf/NF-kB pathway were induced by
Eda, including feedback inhibitors IkBa and A20 (Tnfaip3).
IkBa is known to be expressed in hair placodes (Schmidt-
Ullrich et al., 2006), and we recently confirmed A20 as a
hair-specific target gene of Eda (Lippens et al., 2011). In line
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Figure 4. Analysis of embryonic and adult hair phenotype of cxcR3-null
mice. Whole-mount in situ hybridization of (a) E14.5 control and (b) cxcR3-
null embryos with a Dkk4 probe (bar¼ 500mm). (c) Number of hair placodes
in cxcR3-null mice and their control littermates at E14.5. Data are represented
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1098 Journal of Investigative Dermatology (2012), Volume 132
S Lefebvre et al.
Chemokines in Hair Placode Formation
with previous reports (Mou et al., 2006), also Edar was
upregulated by Eda. It remains to be tested whether other
differentially expressed Tnf receptors (Fas, Gitr, Fn14) are
involved in hair follicle development.
Only two adhesion molecules, Icam1 and MadCAM1,
were differentially expressed. Expression of these genes was
previously shown to be downregulated in Eda-null skin at E14
(Nishioka et al., 2002), and our data suggest that they are
transcriptional targets of Eda. In support of this conclusion,
functional NF-kB responsive elements have been identified in
the promoter region of both MadCAM1 and Icam1 (Takeuchi
and Baichwal, 1995; Bunting et al., 2007). Icam1-deficient
mice display accelerated catagen development (Mu¨ller-Rover
et al., 2000), but otherwise the function of MadCAM1 and
Icam1 in hair development is unknown.
Mmp9was the only upregulated metalloproteinase identified
in the screen (Table 1). Mmp9 protein is not detected in hair
placodes, but instead Mmp9 was shown to regulate hair
canal formation (Sharov et al., 2011). Given that MMP9
promoter contains functional NF-kB-binding sites (Gum
et al., 1996), Mmp9 may function downstream of Eda in
some other developmental context.
We also identified Sox9 as a putative Eda target gene.
Deletion of Sox9 during development does not seem to
influence the patterning or density of hair placodes, but rather
follicular downgrowth (Nowak et al., 2008). Interestingly, we
identified Sox4 as a placode-specific gene, which is in line
with a recent expression pattern analysis (Hoser et al., 2008).
It is tempting to speculate that Sox9 and Sox4 could function
redundantly during hair follicle development, but this hypoth-
esis needs further testing.
The most intriguing finding of our study was the identi-
fication of two chemokines, cxcl10 and cxcl11, as primary
hair placode-specific transcriptional targets of Eda. Several
previous studies have shown the ability of the Tnf/NF-kB
pathway to regulate transcription of these two genes in other
cell types (Ohmori and Hamilton, 1995; Tensen et al., 1999;
Thiefes et al., 2005; Shin et al., 2010). Chemokines are small
chemotactic cytokines best known for their function during
inflammatory response to induce leukocyte migration to target
tissue, but they also have important roles in the development
and homeostasis of hematopoietic and immune cells (Rossi
and Zlotnik, 2000). However, with the exception of cxcR4
involved in cardiac and central nervous system development,
chemokines have not been previously associated with non-
lymphoid organogenesis (Rossi and Zlotnik, 2000; Miller
et al., 2008). Our report is the first one proposing a link
between chemokines and skin appendage morphogenesis.
The mild phenotype observed in cxcR3-null mice prompted
us to study whether other compensatory cxcRs exist, but our
expression pattern analysis did not support this hypothesis.
Intriguingly, an orphan cxc family ligand cxcl14 is expressed
in a patterned manner at multiple sites of the embryonic
ectoderm, including mammary buds, vibrissae, and hair
follicles, suggesting a developmental function (Garcia-Andres
and Torres, 2010; Banisadr et al., 2011; http://www.gene
paint.org/).
Hair follicle patterning is thought to be the result of
competing activities of diffusible signaling molecules and
their antagonists, and a Wnt/Wnt inhibitor–based reaction–-
diffusion mechanism has been proposed to account for the
spatial arrangement of follicles (Sick et al., 2006). However, it
is apparent that other pathways, in particular Bmp and Eda,
are also involved. These three pathways interact in a complex
manner such that they regulate the expression of some
component(s) (ligand, soluble antagonist, or receptor) of
other pathways (Jiang et al., 2004; Mou et al., 2006;
Pummila et al., 2007; Fliniaux et al., 2008; Na¨rhi et al.,
2008; Zhang et al., 2009). Eda-induced soluble factors
include placode activators (Wnt ligands and Bmp inhibi-
tors) and inhibitors (Dkk4; Mou et al., 2006; Pummila
et al., 2007; Fliniaux et al., 2008; Zhang et al., 2009). The
upregulation of multiple activators by Eda also likely
explains why the loss of cxcR3 did not affect the K14-Eda
phenotype. The reaction–diffusion model suggests that
lowering the activator or increasing the inhibitor concen-
tration should lead to more widely spaced follicles (Jiang
et al., 2004; Sick et al., 2006), a phenotype observed in
cxcR3-null mice. This suggests that cxcl10 and cxcl11 also
participate in the patterning process.
cxcR1 cxcR2
cxcR5cxcR4
cxcR6
cxcR4
cxcR7
Figure 5. Expression analysis of cxc receptors at E14.5. Radioactive in situ
hybridization of (a–f) E14.5 wild-type back skin or (g) vibrissae with a probe
specific to (a) cxcR1, (b) cxcR2, (c, g) cxcR4, (d) cxcR5, (e) cxcR6, or (f)
cxcR7. Bar¼ 50 mm.
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The molecular and cellular pathways downstream of
cxcR3 in hair placodes are currently unknown. CxcR3, similar
to other chemokine receptors, is a G-protein-coupled receptor
that, upon ligand engagement, triggers calcium influx, activa-
tion of Erk1/2 mitogen-activated protein kinase and Akt
pathways, cytoskeletal reorganization, and cell movement
(Lacotte et al., 2009). Besides immune cells, cxcR3 activation
also enhances de-adhesion and motility of epithelial cells
including keratinocytes, and a cxcl10/11–cxcR3 autocrine
regulatory loop has been shown to promote re-epithelializa-
tion during wound healing (Satish et al., 2003; Yates et al.,
2009; Shin et al., 2010; Kroeze et al., 2011). Perhaps similar
cellular mechanisms are also involved in placode formation
downstream of cxcR3.
MATERIALS AND METHODS
Mice and their analysis
All mouse studies were approved by the National Animal Experi-
ment Board. CxcR3-deficient mice were obtained from Jackson
laboratories (Bar Harbor, ME) (cxcr3tm1Dgen/J mice, Stock no.
005796) and were kept in C57Bl6/J background except when
crossed with K14-Eda mice (FVB background). Eda-null mice (tabby
mice, Jackson laboratories Stock no. 000314) and K14-Eda mice
have been described earlier (Mustonen et al., 2003). Embryos were
staged according to limb morphogenesis (Martin, 1990).
For hair analysis, at least 1,000 shafts were plucked from the back
of cxcR3-/Y and control male littermates. Hair-type ratios were
determined as described previously (Mustonen et al., 2003), without
prior knowledge of the genotype. For quantification of the primary
hair placode number, whole-mount ISH was performed on E14.5
cxcR3-null embryos and their control littermates. A square of 1mm2
was drawn on an identical dorso-lateral position of the embryo using
the Cell-A Imaging Software (Soft Imaging system, Olympus, Center
Valley, PN), and Shh or Dkk4-positive foci were counted without
prior knowledge of the genotype. Placode numbers were normalized
in order to facilitate comparison between litters.
Hanging-drop experiment and qRT-PCR
The hanging-drop experiment was conducted as described pre-
viously (Pummila et al., 2007; Fliniaux et al., 2008). In short, the
back skin of E14 Eda-null mice was dissected and cut into two halves
along the midline. One half was treated with 250 ng/ml recombinant
Fc-EdaA1 protein (Gaide and Schneider, 2003) for the indicated time
at 37 1C, 5% CO2, while the other half was maintained in the control
medium. Isolation of RNA, cDNA synthesis, qRT–PCR using Light-
cycler480 (Roche, Indianapolis, IA), and data analysis were performed
as described previously (Fliniaux et al., 2008). The list of oligonu-
cleotide sequences used for the qRT–PCR is detailed in Supplementary
Material online.
Microarray
The experimental setup to obtain biological samples used in the
microarray has been described elsewhere (Fliniaux et al., 2008).
Three biological replicates for each condition were performed.
Extracted RNAs were processed and hybridized on Affymetrix Mouse
Genome 430 2.0 arrays (Santa Clara, CA). Data were analyzed in the
Turku Center for Biotechnology, National Microarray Centre Affymetrix
Service (Turku, Finland). The complete microarray list was deposited
on ArrayExpress with the experiment name Eda targets and accession
code E-MEXP-3341 (http://www.ebi.ac.uk/arrayexpress/).
In situ hybridization
Whole-mount and radioactive section ISH was performed as described
previously (Mustonen et al., 2004; Fliniaux et al., 2008). All probes
used in this study are listed in Supplementary Material online.
Skin culture
Back skins of E13.5 wild-type or Eda-null mice were cultured on
Nuclepore filters for 24 hours as described previously (Mustonen
et al., 2004). Recombinant cxcl10 or cxcl11 (R&D Systems, Minneapolis,
MN) was used at the concentrations indicated in the text.
Promoter analysis and promoter reporter assay
Mouse, human, and rat upstream promoter sequences (5,000 to
þ 1) of cxcl10 and cxcl11 were aligned and analyzed using the
ConSite program (Sandelin et al., 2004; http://asp.ii.uib.no:8090/cgi-
bin/CONSITE/consite/). Promoter regions of murine cxcl10 and cxcl11
were amplified by PCR, cloned into the pGL3-basic luciferase vector
(Promega, Fitchburg, WA), and the resulting plasmids were verified
by sequencing. The Dual Luciferase Reporter assay was conducted
using HEK293T cells as previously described (Fliniaux et al., 2008).
The Renilla luciferase was used to normalize the results. Data
shown are means of two independent experiments conducted in
triplicate.
Statistical analysis
Statistical difference between two groups was calculated using
Student’s two-tailed t-test, except for qRT–PCR data, which were
analyzed by the Wilcoxon signed-rank test.
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